Abstract Laser-induced breakdown spectroscopy (LIBS) technique has been applied to investigate two different types of bacteria, Escherichia coli (B1) and Micrococcus luteus (B2) deposited on glass slides using Spectrolaser 7000. LIBS spectra were analyzed using spectrolaser software. LIBS spectrum of glass substrate was compared with bacteria spectra. Ca, Mg, Na, K, P, S, Cl, Fe, Al, Mn, Cu, C, H and CN-band appeared in bacterial samples in air. Two carbon lines at 193.02 nm, 247.88 nm and one hydrogen line at 656.28 nm with intensity ratios of 1.9, 1.83 and 1.53 appeared in bacterial samples B1 and B2 respectively. Carbon and hydrogen are the important components of the bio-samples like bacteria and other cancer cells. Investigation on LIBS spectra of the samples in He and Ar atmospheres is also presented. Ni lines appeared only in B2 sample in Ar atmosphere. From the present experimental results we are able to show that LIBS technique has a potential in the identification and discrimination of different types of bacteria.
Introduction
In the scientific community, several identification techniques such as LIBS (Laser Induced Breakdown Spectroscopy), also known as LIPS (Laser Induced Plasma Spectroscopy), LAS (Laser Ablation Spectroscopy), LSS (Laser Spark Spectroscopy) or LAOES (Laser Ablation Optical Emission Spectroscopy) are extensively used. These techniques are commonly based on the spectral analysis of the radiation emitted by plasma generated by focusing an intense laser pulse on the sample. In spectrochemical analysis based on LIBS technique, a high powered pulsed laser beam (usually >1-10 MW/cm 2 ) is focused on a target material. Then breakdown of the sample occurs and eventually results in the formation of transient and highly energetic plasma. After each pulse, the cooling of the plasma produces electron recombination and atom de-excitation. LIBS spectra can be detected once the plasma continuum emission is almost extinguished. The basic features of this spectroscopic technique have been reviewed in several papers [1−5] . LIBS technique has numerous advantages, which allow it to be used in a wide variety of applications such as forensic, public health, environment and pharmaceutical products [5−10] . In the past, the technique has been applied extensively in the elemental analysis of different biological systems. In such analyses, rapid identification of organic and inorganic elemental composition is carried out with high resolution [11−19] . Recently, several research efforts regarding the detection, classification and identification of bacterial samples have been reported using LIBS [20−26] which are more difficult and convoluted than organic and biological materials. Baudelet et al. [25] have analyzed Escherichia coli and Bacillus subtilis bacterial samples and recorded their spectra consisting of many resolved lines belonging to 13 atomic or molecular species to identify different bacteria. Rehse et al. [27] have analyzed Pseudomonas aeruginosa bacteria using LIBS. They have detected nineteen atomic and ionic emission lines in the LIBS spectrum to identify and classify the bacteria.
In this paper, we will report detailed analysis of two types of bacteria, Escherichia coli and Micrococcus luteus, using LIBS. In current experiment, we have used commercial LIBS system "Spectro laser 7000" which is equipped with a nanosecond pulsed Nd:YAG laser, a multiple optical spectrographs and a gated CCD camera. We have detected several atomic and ionic emission lines from thirteen different elements in LIBS spectra. The LIBS spectra are dominated by inorganic elements such as magnesium, calcium and sodium. We have also detected emission lines from CN molecule in air atmosphere. Each of these bacterium has been identified with its specific LIBS spectra characteristics. Effects of different gas environments (He, Ar) on LIBS spectra compared to LIBS spectra in air environment are also analyzed.
Materials and methods

Preparation of bacterial samples
Two types of bacteria Escherichia coli and Micrococcus luteus were prepared on a glass slide for the LIBS experiment. Single colonies of Escherichia coli and Micrococcus luteus were inoculated in tubes containing 5 mL of Lauria broth and Mueller Hinton broth, respectively. Tubes were incubated at 37
• C on a rotatory shaker set at 100 rpm. Cultures grown to log phase were spotted on glass slides and then the slides were air dried.
Experimental setup
LIBS system "Spectrolaser 7000" from Laser Analysis Technologies has been used in the present investigation. The system is PC based software controlled, and consists of excitation pulsed laser, optical components used for LIBS setup in controlling the beam profile of projected laser beam, option for purging gas cylinder, sample chamber with rotating and translational stage, camera to view LIBS plasma, gated CCD camera having 14,336 pixels detectors equipped with multiple optical spectrographs. The setup of the present LIBS experiment is shown in Fig. 1 .
Specification of the Nd:YAG laser used in the "Spectrolaser 7000" is given in Table 1 . In the present experiment, we used fundamental laser beam at 1064 nm wavelength. The laser was focused on the sample placed on translational stage in the sample chamber with adjustable optics. The laser beam is focused at the surface of the sample. The focal length of the lens is 48 mm. Before performing final experiment the signals from the detectors are optimized at different laser energies varied from 50 mJ to 150 mJ in different gas environments. Gate width of 0.1 ns was fixed during the whole study.
Samples of type 1 bacteria (Escherichia coli) and type 2 bacteria (Micrococcus luteus) were cut from the glass slid to fix in the sample holder. Purged gases of air, helium and argon were used at atmospheric pressure in the present investigation. Purity level of argon and helium was 99.99 %. All data were recorded at 10 shot averaging with the laser beam repetition rate kept at 10 Hz. Gunsalus and Stanierin (1960) were the first to measure the composition of bacterial cells (protoplasm) and of accessory materials which are stored as polysaccharides and lipids [28] . Fagerbakke et al. [29] measured carbon, phosphorus, oxygen, nitrogen and sulfur in individual cells from native aquatic samples and cultured bacteria samples by X-ray microanalysis using a transmission electron microscope (TEM). In the present study different emission lines from atomic as well as ionic lines of sodium, potassium, calcium, magnesium, phosphorus, sulfur, chlorine and iron with trace amounts of manganese, copper and aluminum in bacterial samples have been recorded using LIBS technique in air, helium and argon at 1 atmosphere. The experimental data was collected at 10 shot averaging from rotating sample in order to ensure fresh surface at each shot. Figs. 2 and 3 depict LIBS spectra of type 1 bacteria (B1 sample) and type 2 bacteria (B2 sample), respectively. LIBS spectra in air, argon and helium atmosphere at 100 mJ laser energy using 0.1 µs delay time are shown in Fig. 4 . The lines of observed elements are marked and also given in Table 2 . Table 3 and depicted in Fig. 5(a)-(c) . Two samples can be distinguished by measuring the values of their corresponding relative intensities, as can be seen in Table 3 . Intensities of carbon and hydrogen lines are higher in B1 sample than in B2 sample. Intensities of Mg I and Na I are also higher in B1 than in B2 (see Figs. 2 and  3) . But carbon and hydrogen lines are more reliable to distinguish bacteria. 
Intensity ratio of different peaks of elements
In LIBS study, line intensities depend on types of elemental matrices [30, 31] but ratios of the intensities of corresponding elements are usually the same in particular type of materials. Ratios of intensities of different elements to H-656 line appearing in LIBS spectra are given in Table 4 (a), (b), and (c) for B1, B2 samples recorded in air, He and Ar atmospheres respectively. These ratios are different for different bacteria in different environments. The ratios can be used to identify the type of bacteria. 
Signal intensity of different elements in different bacteria
LIBS spectra of B1 and B2 samples recorded in air, He and Ar atmosphere are shown in Fig. 4 . In argon atmosphere Ni atomic and ionic lines appear in B2 sample only. These lines are confirmed with NIST atomic database. The appearance of these lines verifies the existence of nickel in B2 sample only, which is shown separately in Fig. 6 . This is an important aspect of LIBS to identify different samples. 
Effect of air, He and Ar atmosphere on LIBS spectra of bacterial samples
In this study we have investigated the effect of laser induced breakdown on a bacteria using 100 mJ Nd:YAG laser energy, 0.1 µs delay time and 7 ns pulse width focused normal to the surface of sample. The effects of air, Ar and He atmosphere purging on the emission lines of the spectra are as follows.
The effect of different atmosphere on carbon-247, 193 and hydrogen-565 lines of LIBS spectra of B1 bacterial sample is depicted in Fig. 7 . The intensity variations are given in Table 5 for comparison. We can see from the table that the intensities of carbon and hydrogen lines are highest in Ar atmosphere and lowest in air atmosphere [32] . Increase of intensities of these lines in Ar atmosphere is more than 5 fold compared to that in air atmosphere. This is due to the high ionizing capability of Ar as compared to He and air. Molecular lines of CN bands are also observed in LIBS spectra of bacterial samples in air atmosphere but these lines did not appear in LIBS spectrum recorded in argon atmosphere. The comparison is depicted in Fig. 8 .
The production of CN bonds in air atmosphere during LIBS plasma is a result of combination of carbon with nitrogen atoms in air [24, 33] . In argon atmosphere due to non-availability of nitrogen gas CN bands intensity is reduced. Calculations of the widths of the fundamental lines at half-maximum FWHM were done using Voigt curve fitting function of H-656. The ∆λ 1/2 is found to be 1.98 nm, 1.25 nm and 0.89 nm for air, Ar and He atmosphere respectively as shown in Fig. 9 . Furthermore, the intensity ratio to H-656 for the three gases is 6:3:1 for Ar, He and air atmosphere. The concentration of electrons, electron density (N e ), was calculated using Voigt fitting of H α with the following formula [34] . N e is found to be 6.60×10 17 
The large broadening of H α in Air atmosphere could be ascribed to the increase of free electrons during laser induced plasma of the bacteria sample, which enhances the collision process. 
Conclusions
The LIBS analysis of single colonies of Escherichia coli and Micrococcus luteus has been reported. The contribution of native CN molecular bonds in the biological medium can be observed and identified from the study of CN band head intensity. The recorded spectra provided us information about different atomic lines, as well as molecular bands due to native CN bonds vaporized from the studied bacteria like Escherichia coli and Micrococcus luteus or CN bonds due to recombination with air. The experimental results indicate that the correlation between kinetics behavior of atomic carbon and CN bonds represents dominant ablation mechanism for a given laser fluence. Hence Nd:YAG LIBS is a powerful technique to address organic or biological samples due to significant and molecular spectral information with atomic spectral information. In addition, we can also discriminate bacterial samples with carbon and hydrogen lines intensities and appearance of different trace elements.
(Manuscript received 27 December 2013) (Manuscript accepted 16 May 2014) E-mail address of corresponding author M. ATIF: atifhull@gmail.com
